interferon ͉ protease ͉ host response ͉ infection ͉ NF-B
Hepatitis C virus (HCV) is a major human pathogen that infects 170 million people. A hallmark of HCV is its ability to establish persistent infections reflecting the evasion of host immunity and interference with ␣͞␤-IFN innate immune defenses. We demonstrate that disruption of retinoic acid-inducible gene I (RIG-I) signaling by the viral NS3͞4A protease contributes to the ability of HCV to control innate antiviral defenses. RIG-I was essential for virus or HCV RNA-induced signaling to the IFN-␤ promoter in human hepatoma cells. This signaling was disrupted by the protease activity of NS3͞4A, which ablates RIG-I signaling of downstream IFN regulatory factor 3 and NF-B activation, attenuating expression of host antiviral defense genes and interrupting an IFN amplification loop that otherwise suppresses HCV replication. Treatment of cells with an active site inhibitor of the NS3͞4A protease relieved this suppression and restored intracellular antiviral defenses. Thus, NS3͞4A control of RIG-I supports HCV persistence by preventing IFN regulatory factor 3 and NF-B activation. Our results demonstrate that these processes are amenable to restoration through pharmacologic inhibition of viral protease function.
interferon ͉ protease ͉ host response ͉ infection ͉ NF-B R etinoic acid-inducible gene-I (RIG-I) is a cytosolic DExD͞H box RNA helicase (Fig. 1A ) that was recently shown to be a dsRNA binding protein that functions independently of Toll-like receptor (TLR) 3 to signal IFN-␤ production in response to a variety of RNA viruses, including hepatitis C virus (HCV) (1, 2) . RIG-I is basally expressed in most tissues, is induced by type 1 IFNs, and is essential for triggering antiviral defenses that regulate HCV RNA replication (1, 2) . Its carboxyl-terminal helicase domain specifically binds to a pathogen-associated molecular pattern (PAMP) embedded within the structured 5Ј or 3Ј nontranslated region of the HCV genome (1) . PAMP binding initiates signaling by the RIG-I amino-terminal caspase recruitment domain (CARD) homologues that direct downstream phosphorylation and activation of IFN regulatory factor-3 (IRF-3) and the parallel activation of NF-B (1, 2) .
Recent studies have shown that the processes of RIG-I signaling and the actions of IRF-3 and NF-B initiate host defenses that limit HCV RNA replication (1, 3, 4) . The single-stranded RNA genome of HCV encodes a 3,010-aa polyprotein that is posttranslationally processed into the mature structural proteins (core, E1 and E2), p7, and the nonstructural (NS) proteins NS2-NS5B (5), of which the NS3-NS5B proteins are sufficient to support viral RNA replication (Fig. 1B) . HCV controls induction of the antiviral defense response through the activity of its NS3͞4A protease complex, which disrupts intracellular signaling processes that confer IRF-3 activation (3). Viral control of IRF-3 limits IFN expression to thereby support viral persistence and impart fitness to HCV (3, 6) . However, the intracellular signaling pathway(s) targeted by NS3͞4A to govern IRF-3 function and HCV replication are incompletely defined.
Materials and Methods
Cell Culture. Huh7 are human hepatoma cells (7) . Huh7.5 cells (a gift from C. Rice, The Rockefeller University, New York) are a subline of Huh7 and are highly permissive for HCV RNA replication (8) . Huh7-HP, Huh7-A7, and Huh7-K2040 are Huh7 cells that harbor culture-adapted variants of the Con1 HCV (genotype 1b) subgenomic replicon RNA and have been described in detail (3, 6, 9) . Huh7 2-3 and Huh7 2-3c are Huh7-derived cell lines that harbor the full-length self-replicating HCV genome (derived from the HCV-N strain, genotype 1b) and their IFN-cured counterparts, respectively (3, 10, 11) . UNS3͞4A (clone 24) are osteosarcoma cells that conditionally express an HCV 1a NS3͞4A construct under control of a tetracycline-regulated (tet-off) promoter (a gift from D. Moradpour, University of Lausanne, Lausanne, Switzerland). NS3͞4A expression was controlled by culturing cells in the presence (to repress NS3͞4A expression) or absence of tetracycline (to induce NS3͞4A expression) as presented elsewhere (12) . Culture methods have been described (3, 6) . Cell treatments were conducted by replacing culture medium with medium containing 10 ng of IL-1 (R & D Systems), the indicated units͞ml IFN-␣2a (PBL, Piscataway, NJ) or 10 M SCH6 (a gift from Schering-Plough) (3). For immunofluorescent staining of cells, cultures were seeded into chamber slides and processed for immunostaining as described (3) . For virus infection, 2 ϫ 10 5 or 1 ϫ 10 5 cells were respectively seeded into wells of a 6-well or 12-well dish. Where indicated, cells were transfected with various expression constructs. Twenty-four hours after culture seeding or transfection, the cells were mock-infected or infected with Sendai virus (SenV) (Charles River Laboratories) or New Castle disease virus (NDV) (2) by using 100 hemagglutinin units͞ml of culture exactly as described (3) . and 25 ng, respectively, of pIFN-␤-luc and pCMV-Renilla-luc along with the stated amount of the indicated expression constructs. Cells were further cultured alone or subjected to virus infection as described above and were harvested 18 h later for luciferase assay (3) .
For immunoblot analysis, cultures of 2 ϫ 10 5 cells were harvested, protein extracts were prepared, and immunoblot analysis was conducted as described (3) by using antiserum specific to IRF-3 (from M. David, University of California at San Diego, La Jolla), RIG-I (2), IFN-stimulated gene (ISG) 56 (from G. Sen, Cleveland Clinic Foundation, Cleveland), ISG15 (from A. Haas, Louisiana State University, New Orleans), IRF-3 phosphoserine 396 (from J. Hiscott), IRF-3 phosphoserine 386 (15), or IB-␣ (Santa Cruz Biotechnology). Monoclonal anti-PKR and anti-NS3 antibodies were from A. Hovanessian (Pasteur Institute, Paris) and NovoCastra (Newcastle, U.K.), respectively. Monoclonal anti-FLAG M2 antibody was from Sigma and was used to detect RIG-I, N-RIG, and C-RIG proteins. Anti-␤-actin serum and secondary antibody reagents were from The Jackson Laboratory. In some experiments, HCV proteins were detected with hyperimmune patient serum [obtained from W. Lee (University of Texas Southwestern Medical Center, Dallas) with informed consent]. Specific methods for analysis of IRF-3 dimerization using nondenaturing gel electrophoresis were followed as described elsewhere (15) . Immunostaining procedures used the indicated primary antibodies in combination with Alexa Fluor 488 or Rhodamine-conjugated specific secondary antibodies (Molecular Probes). Analysis of stained cells was conducted in the University of Texas Southwestern Medical Center Pathogen Imaging Facility by using a Zeiss Axiovert or Zeiss Pascal LSM confocal microscope and AXIOVISION software. Electrophoretic mobility-shift analysis of NF-B DNA binding activity was conducted on nuclear extracts prepared from cultures of 4 ϫ 10 5 cells as described (4) . RNA Analysis. Procedures for RNA extraction, Northern blot analysis, probe preparation, semiquantitative PCR, and real-time quantitative PCR have been described (1, 3) . For short interfering RNA (siRNA) silencing of gene expression, Huh7 cells were transfected with 80 nM siRNA (Dharmacon, Lafayette, CO) targeting TRIF (Toll-IL-1 receptor domain-containing adapter-inducing IFN-␤), RIG-I, or a scrambled negative-control (Ambion, Austin, TX) by using Oligofectamine (Invitrogen) according to the manufacturer's recommendation. Cells were cotransfected with pIFN-␤-luc and pCMV␤gal 24 h later. After an additional 24 h, cells were mockinfected or infected with 100 hemagglutinin units͞ml SenV and harvested 20 h later for luciferase and ␤-galactosidase assay (Promega). In these experiments, luciferase activity was normalized to the ␤-galactosidase activity. siRNA and PCR primer sequences are available upon request.
Microarray analyses were carried out within the Molecular Genomics Core Facility of the University of Texas Medical Branch. Huh7 2-3 and Huh7 2-3c cells were grown in 10-cm dishes and were either mock-infected or infected with 100 hemagglutinin units͞ml SenV and harvested 20 h later for total RNA extraction. Twentyfive micrograms of total RNA was used as template for synthesis of first-strand cDNA, which was used subsequently for second-strand synthesis and production of biotinylated cRNA probes that were hybridized to an Affymetrix human GeneChip (Hu133A) containing 22,283 oligonucleotide probe sets, according to the manufacturer's protocol (Affymetrix, Santa Clara, CA). GeneChips were scanned by using an Affymetrix confocal scanner (Agilent, Palo Alto, CA), and data were analyzed with MICROARRAY GENESUITE 5.0 software.
Results
HCV NS3͞4A Disrupts RIG-I Signaling. We conducted RNA silencing studies to define the nature of the virus responsive pathways that signal to IRF-3 and IFN-␤ in Huh7 cells. These cells support HCV RNA replication (16). They do not basally express TLR3 and therefore do not signal through the TLR3 pathway (17) , allowing us to evaluate virus signaling and regulation by HCV independently of TLR3. Transfection of siRNA directed against the TLR adaptor protein, TRIF (18) , efficiently ablated its expression but did not affect signaling to the IFN-␤ promoter induced by infection with SenV, a potent activator of IRF-3 (14) . Similar results were obtained when TRIF-null mouse embryonic fibroblasts (MEFs) were infected with SenV, which efficiently triggered IFN-␤ promoter induction, but this response was abrogated by expression of NS3͞4A (data not shown). However, siRNA directed against RIG-I abolished virus signaling to the IFN-␤ promoter in Huh7 cells and prevented the expression of ISG56, an IRF-3 target gene ( Fig. 1C) (19) . These results indicate that NS3͞4A disrupts an intracellular virus-responsive pathway that signals the IFN-␤ promoter independent of TLR3 or TRIF but involves RIG-I. We therefore evaluated the affect of NS3͞4A on signaling by WT or mutant RIG-I proteins. Ectopic expression of RIG-I conferred superstimulation of virus signaling to the IFN-␤ promoter, but this signaling was suppressed in Huh7 cells upon coexpression of increasing amounts of NS3͞4A (Fig. 1D) . NS3͞4A also blocked constitutive activation of the IFN-␤ promoter directed by ectopic expression of an N-RIG mutant representing the amino-terminal caspase recruitment domain homology region, but had no effect on the carboxyl-terminal helicase domain of RIG-I (C-RIG), which confers a dominant-negative block to virus-induced signaling (2) . When expressed in a Huh7 variant (Huh7.5 cells) in which RIG-I is defective (1), ectopic RIG-I or N-RIG restored induction of ISG expression. This response was potently suppressed by NS3͞4A (Fig.  1E) , indicating that NS3͞4A antagonizes signaling events that trigger a host response directed by RIG-I. 14) induced a response that suppressed the replication of an HCV RNA replicon (A7) that is poorly adapted to Huh7 cells, whereas only expression of IRF-3-5D induced a host response restricting replication of a highly adapted replicon (HP, Fig. 2 A and B) . This result could reflect the reduced abundance of NS3͞4A expressed by A7, or differences in the cell culture adaptive mutations present within the NS3͞4A coding regions of these isogenic replicons that specifically affect downstream IRF-3 regulation (3). Nonetheless, these results define RIG-I as an essential transducer of a virus-responsive cellular pathway that has the capacity to control HCV RNA replication.
We examined the impact of NS3͞4A regulation of RIG-I signaling on IRF-3 activation. NS3͞4A prevented the nuclear accumulation of IRF-3 in response to SenV infection or transfection of cells with HCV RNA (Fig. 5 , which is published as supporting information on the PNAS web site). In osteosarcoma cells conditionally expressing NS3͞4A, ectopic N-RIG induced the cytosol to nuclear redistribution of IRF-3, but this response was blocked upon NS3͞4A expression (Fig. 2C ). IRF-3 nuclear retention depends Cells were harvested 48 h posttransfection, and extracts were subjected to Northern blot analysis (A) and immunoblot analysis (B) using specific DNA or antibody probes, respectively. (C) UNS3͞4A cells, cultured to suppress (ϪNS3͞ 4A) or induce (ϩNS3͞4A) NS3͞4A expression, were transfected with the N-RIG expression construct, and 24 h later were subjected to dual immunostaining for ectopic N-RIG and endogenous IRF-3. Panels show N-RIG, IRF-3, and DAPIstained nuclei. (D) UNS3͞4A cells cultured to suppress or induce NS3͞4A expression were infected with NDV as shown (Left) or were transfected with N-RIG expression plasmid (Right). After 24 h, cells were harvested, and protein extracts were separated on nondenaturing gels and subjected to immunoblot analysis to define the dimer, monomer, and phosphoserine 386 (Ser-386-P) isoforms of IRF-3. (Bottom) NS3 levels derived by standard denaturing gel immunoblot analysis.
upon its carboxyl-terminal phosphorylation at sites that include serine 386 (S386) and serine 396 (S396), which results in the stable formation of IRF-3 dimers (15, 20) . We therefore evaluated the regulation of IRF-3 phosphorylation at these sites by NS3͞4A. In control experiments, infection of cells with SenV (data not shown) or NDV (a paramyxovirus related to SenV) induced S386 phosphorylation and dimerization of IRF-3, but both were blocked by NS3͞4A. Ectopic expression of N-RIG similarly conferred IRF-3 S386 phosphorylation and dimerization, but these events were also blocked by NS3͞4A (Fig. 2D) . Similarly, SenV infection induced the accumulation of the phosphoserine 396 isoform of IRF-3, but this response was blocked by NS3͞4A (see Fig. 3A ). Thus, RIG-I signals IRF-3 activation by directing IRF-3 carboxyl-terminal phosphorylation, and this process is disrupted by NS3͞4A.
Previous work has demonstrated that the RIG-I pathway bifurcates to signal IRF-3 and NF-B activation (2). We further evaluated the role of RIG-I in NF-B activation and its potential regulation by NS3͞4A. In the absence of NS3͞4A, SenV infection of osteosarcoma cells induced a rapid decay in the abundance of the NF-B inhibitor, IB-␣, accompanied by accumulation of the IRF-3 phosphoserine 396 isoform (Fig. 3A Left) . This response was followed by induction of ISG56 expression. NS3͞4A blocked virusmediated I〉-␣ decay and IRF-3 S396 phosphorylation but did not prevent IB-␣ degradation induced by treatment of cells with IL-1 (Fig. 3A Right) . NS3͞4A disrupted virus-induced NF-B binding to the cognate PRDII DNA element (Fig. 3B ) and prevented induction of an NF-B-dependent PRDII promoter-luciferase construct signaled by ectopically expressed N-RIG in Huh7 cells (Fig. 3C ). Huh7 2-3 cells containing replicating genome-length HCV RNA (10) similarly exhibited a block in NF-B induction of the PRDII promoter construct (Fig. 3D) . However, virus-responsive promoter activity was restored in their cured Huh7 2-3c counterparts lacking HCV RNA. Protein blot and microarray analyses (Fig. 3 E and F , respectively) demonstrated that HCV replication was associated with a blockade in virus-induced accumulation of secreted IL-6, an NF-B target gene (21) . This blockade associated with a general attenuation of NF-B-dependent chemokine expression (21) in Huh7 2-3 cells, but virus-responsiveness of each was restored in the cured Huh7 2-3c cells. NS3͞4A therefore ablates RIG-I signaling to NF-B, likely by controlling events that signal IB degradation. This regulation of RIG-I signaling thus attenuates both IRF-3 (3) and NF-B target gene expression during HCV RNA replication.
NS3͞4A Protease Activity Imparts Regulation of RIG-I Signaling. We next determined whether regulation of RIG-I signaling depends on the protease activity of NS3͞4A. In the context of ectopic RIG-I expression, SenV infection of Huh7 cells resulted in IFN-␤ promoter superstimulation that was blocked by NS3͞4A (Fig. 4A) . This blockade was relieved in cells treated with SCH6, a peptidomimetic active site inhibitor of the NS3͞4A protease (3). Mutation of the active site Ser to Ala at HCV codon 1165 ablates NS3͞4A protease activity (22) , and also abrogated NS3͞4A control of RIG-I signaling to the IFN-␤ promoter. Expression of the dominant-negative IRF-3-⌬N mutant (14) similarly ablated RIG-I signaling, confirming that IRF-3 is a downstream effector of the RIG-I pathway in hepatoma cells. We also assessed whether or not protease function was required for NS3͞4A regulation of the NF-B-responsive PRDII promoter element (Fig. 4B) . The NS3͞4A-mediated blockade to SenV-induced NF-B-dependent promoter activity was These results prompted us to evaluate the effect of NS3͞4A on the abundance and stability of RIG-I. RIG-I is an ISG (2) and, in the absence of NS3͞4A, SenV infection or IFN treatment of UNS3͞4A cells induced a marked increase in the abundance of RIG-I and other ISGs, including ISG56 and PKR. Expression of NS3͞4A prevented the virus-induced accumulation of RIG-I and ISGs but failed to prevent their increase after treatment of cultures with exogenous IFN (Fig. 4C) . Consistent with this finding, NS3͞4A expression blocked virus-induced RIG-I mRNA accumulation but did not prevent the increase in RIG-I mRNA abundance conferred by IFN treatment (Fig. 4E) . Similar regulation of RIG-I expression occurred in the context of HCV RNA replication. In these experiments, control Huh7 cells responded to both IFN and SenV infection with induction of RIG-I and ISG expression, but cells harboring genetically distinct HCV replicon variants all exhibited a blockade to SenV-induced RIG-I and ISG accumulation while responding normally to exogenous IFN (Fig. 4D) . These results indicate that RIG-I is not a substrate for the NS3͞4A protease, but that NS3͞4A disrupts the activation of an IFN amplification loop that is first signaled by RIG-I and then supported subsequently through an NS3͞4A-resistant, IFN-mediated increase in RIG-I mRNA and protein accumulation. (Fig.  4F Left) . Within 24 h of the addition of SCH6 to the culture medium, a similar host response was induced in the Huh7-HP cells in the absence of SenV infection (Fig. 4F Right) . Identical SCH6 treatment did not evoke these responses in control Huh7 cells (Fig.  4F Left) . Thus, HCV RNA replication has an inherent capacity to signal a RIG-I-dependent host response, thereby triggering an IFN amplification loop that would otherwise limit viral replication in the absence of an effective NS3͞4A blockade (see Figs. 2A and 4C ).
Discussion
Our results define RIG-I as a critical component of innate intracellular defense against HCV and show that the RIG-I pathway is targeted by NS3͞4A, thereby allowing HCV to avoid triggering the host antiviral response. We provide further evidence that this pathway branches to signal both IRF-3 and NF-B activation during virus infection. NS3͞4A control of RIG-I signaling depends on its protease activity, implying that NS3͞4A may target and cleave component(s) of the RIG-I pathway with actions essential for IRF-3 phosphorylation and IB degradation. Immunostaining of cells harboring the HP HCV replicon demonstrated colocalization of endogenous RIG-I and NS3 (Fig. 6 , which is published as supporting information on the PNAS web site), suggesting that NS3͞4A may regulate virus signaling through proteolytic inactivation of components of a RIG-I signaling complex. The Tankbinding kinase (TBK1) and IB kinase-(IKK) protein kinases were originally identified as upstream agonists of NF-B activation (23, 24) . Further studies have shown that TBK1 is essential for IRF-3 activation in nonlymphoid tissues (13, (25) (26) (27) (28) . This finding indicates an essential role for TBK1 in RIG-I signaling to IRF-3, although the redundant actions of IKK may compensate to signal IRF-3 in the absence of TBK1 expression (2). TBK1 and IKK provide an attractive link between IRF-3 and NF-B signaling by RIG-I. However, in vitro studies have shown that neither serves as an NS3͞4A proteolytic substrate (data not shown). Moreover, cell-based protein expression and stability analyses demonstrated that NS3͞4A expression does not alter the abundance or stability of TBK1 or RIG-I (Fig. 7 , which is published as supporting information on the PNAS web site) nor does it affect the stability of the TBK1 signaling adaptor protein, TANK (23) (data not shown). Thus, the disruption of RIG-I signaling is most likely due to proteolysis of undefined protein partner(s) involved in the RIG-I pathway.
Related studies have shown that HCV can antagonize IFN defenses through multiple mechanisms (29) . Moreover, recent work has identified TRIF as a proteolytic substrate of NS3͞4A whose proteolysis may ablate TLR3 signaling events (30) . The current results show that TRIF is not a component of the RIG-I pathway, and thus indicate that the HCV protease has evolved to effectively target multiple pathways of host defense through proteolysis of more than one cellular protein. In the case of RIG-I signaling, our results support a model in which proteolytic cleavage of a RIG-I pathway component attenuates cellular antiviral defense gene expression, including ISGs and immunomodulatory cytokines, thereby providing a local cellular environment conducive to HCV persistence. In the context of HCV infection, the regulation of these pathways could control viral ''priming'' of the host response and activation of an IFN amplification loop signaled by RIG-I that provides cellular control of HCV replication, and possibly also influences viral sensitivity to IFN-based therapy. NS3͞4A protease inhibitors thus offer a particularly attractive approach to therapeutic intervention, in that their use may lead to restoration of innate intracellular immune defenses that control HCV replication while also providing a direct antiviral effect.
